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Abstract 
Carbon dioxide (CO2) capture and storage (CCS) is a key climate mitigation technology that can global CO2 emissions by 
thousands of megatonnes of CO2 annually. CCS is almost certainly required, along with a wide portfolio of other technologies in 
an "all of the above" strategy, to achieve the reductions in global CO2 emissions necessary to stabilize atmospheric 
concentrations of CO2. Despite many high-profile demonstration projects, commercial-scale CCS deployment is still impeded by 
multiple issues including economic viability, public awareness and acceptance, and regulation and permitting. Developing a 
large-scale, highly visible and economically feasible CCS network—in addition to existing investment approaches— will be 
required to overcome these barriers to widespread CCS adoption. We propose a pathway to an integrated CCS network that 
connects multiple industrial CO2 sources and geologic storage reservoirs using existing CCS technologies. Specifically, we 
propose that such a network could utilize CO2 emissions from ethylene manufacturing for enhanced oil recovery (EOR) in the 
U.S. Gulf Coast region, creating a regional ethylene:CO2-EOR network. The ethylene market presents several key advantages for 
capturing CO2: ethylene is a high-value chemical with a price that can readily absorb capture costs (unlike fossil fuel electricity 
generation), ethylene sources are both closely clustered and emit a large volume of CO2, and existing capture technology is cost-
competitive when coupled with nearby EOR reservoirs. Our analysis describes the techno-economic potential of CO2 capture and 
EOR, the potential policy implications, and how the ethylene industry could be an ideal first-mover for jumpstarting commercial-
scale CCS operations. As part of this analysis we identify the costs and CO2 flows for ethylene production and EOR across the 
Gulf Coast region. We introduce the concepts of “byproduct CO2” (CO2 as a byproduct or waste stream from an existing industry 
such as power generation) and “extracted CO2” (naturally-occurring CO2 extracted from subsurface reservoirs for EOR); 
extracted CO2 cannot decrease the carbon footprint of oil production, unlike byproduct CO2. We also suggest ethylene:CO2-EOR 
as a blueprint for other regional-scale byproduct CO2-EOR projects such as the Alberta oil sands, Marcellus and other U.S. shale 
fields, and large-scale coal-to-liquid and coal-to-chemical operations in China.  
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1. Introduction 
CO2 capture and storage (CCS) is a key climate mitigation technology capable of reducing global CO2 emissions 
by thousands of megatonnes of CO2 annually (1000s MtCO2/yr).1 CCS involves capturing and compressing CO2 
from stationary sources (e.g., coal-fired power plants), transporting the CO2 in dedicated pipelines, and injecting and 
storing the CO2 in geologic reservoirs (e.g., deep saline aquifers).2, 3 CCS is almost certainly required, along with a 
portfolio of other energy technologies, to achieve the significant reductions in CO2 emissions necessary to stabilize 
atmospheric CO2 levels.4, 5 The need to reduce CO2 emissions is particularly pertinent for large developing countries, 
such as China and India, that will be emitting enormous quantities of CO2 from recently built coal-fired power plants 
for many decades.6 Similarly, to have a meaningful impact in the United States, CCS must be deployed on a regional 
or continental scale, linking many different CO2 sources and distant geologic reservoirs through an extensive 
network of dedicated pipelines.7  
Technologies for each step in the CCS supply chain—CO2 capture, transport, and geologic injection and 
storage—have been commercially applied for several decades. Further, multiple large (≥1 MtCO2/yr) CCS projects 
around the world will or are already actively demonstrating the economics, engineering, and safety of CO2 capture 
from a range of industrial sources including natural gas processing or stripping (e.g., Shute Creek, Wyoming;8 
Sleipner Vest, Norway;9 Gorgon, Australia10), coal gasification (e.g., Beulah, North Dakota11), and 
biorefineries/ethanol production (e.g., Decatur, Illinois12). The United States has five of the nine large operational 
integrated CCS systems13 (Figure 1) as well as the capture portion of the Canadian storage project. But neither the 
critical importance and CO2-mitigation potential of CCS nor the existence of safely-executed CCS projects has led to 
widespread public awareness, let alone acceptance, of this approach to climate change mitigation.14 We suggest that 
jumpstarting CCS, particularly in the United States, requires a highly visible and economically viable demonstration 
of a commercial-scale CCS system that integrates multiple CO2 sources and reservoirs. Specifically, we suggest that 
capturing CO2 from the manufacture of ethylene, coupled with CO2 delivery for enhanced oil recovery, would 
constitute such a regional-scale demonstration. 
2. Ethylene Manufacture and CO2 Capture 
 Ethylene is a widely used hydrocarbon in the petrochemical industry, with almost 60% of the supply devoted to 
producing polyethylene for products such as packaging and plastic bags.15 Ethylene is manufactured through steam 
cracking a number of other hydrocarbons including ethane, naphtha, propane, and butane.16 Energy for cracking is 
provided by burning natural gas and other residual gases from the cracking process.17 Manufacturing one tonne of 
ethylene produces between 1.0-1.2 tCO2 (ethane feedstock) and 1.8-2.0 tCO2 (naphtha feedstock).18 Worldwide 
ethylene production is greater than 140 Mt/yr, with production concentrated in three countries: the United States. 
(27.6 Mt/yr; ethane is the predominant feedstock19), Saudi Arabia (13.2 Mt/yr), and China (13.0 Mt/yr)20 (Figure 2). 
The vast majority of U.S. ethylene production is tightly clustered in the Texas and Louisiana Gulf Coast region due 
to feedstock availability (Figure 3), emitting approximately 50 MtCO2/yr.21 The ethylene oxide industry—which 
requires ethylene as a feedstock—is predictably clustered in the same region (Figure 3).  
Ethylene production typically generates a flue gas stream that is approximately 12 % CO2.1 Due to this relatively 
low concentration of CO2 in the emissions stream, chemical absorption is the most likely technology for CO2 
capture from ethylene production.17 Capture costs are expected to be in the $35-$55/tCO2 range based on similar 
CO2 concentrations for emissions from oil refinery cracking operations.22 With an ethylene price of $1000/t, this 
translates into a cost of $35-$110/t of ethylene depending on the CO2 production rate and capture cost. Nearby 
ethylene oxide production produces a nearly pure stream of CO2 that can be compressed for $6-12/tCO2.1 CO2 
capture costs from ethylene compare favorably with other high-value chemicals/products and natural gas power 
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Figure 1: Distribution of currently operational (left, 24.08 MtCO2/yr) and planned (right, 99.54 MtCO2/yr) 
integrated CCS projects as of June 2013.13 Projects only include large coal (≥ 0.8 MtCO2/yr) and large industrial (≥ 
0.4 MtCO2/yr) projects. The operational project in Algeria—In Salah—is now inactive. 
 
plants, and are expected to be cheaper than coal-fired power plants. Critically though, capturing CO2 from fossil fuel 
electricity generation could increase electricity costs by more than 50%: from $31-51/MWh to $43-72/MWh for 
natural gas and $43-52/MWh to $62-86/MWh for coal-fired plants.23 CO2 capture from fossil fuel power plants is 
further complicated by hourly variability in electricity generation24 and the potential for rate boards to reject CCS 
plans by utilities due to unacceptable rate increases. Ethylene, however, is able to readily absorb the costs of CO2 
capture. With present ($1040/t25) and past (highs of $1500-$1800/t in 2008-201226) ethylene prices, CO2 capture 
could result in less than a 5% increase in the final price (assuming a competitive industry where prices equal 
marginal costs). Arguably, since ethylene manufacture is profitable even during economic downturns (e.g., ~$500/t 
in 200925), the cost of CO2 capture could be absorbed by market volatility alone. The combination of significant CO2 
emissions (50 MtCO2/yr), a low impact on cost ($35-$55/tCO2), and spatially-clustered sources, makes CO2 capture 
from the U.S. ethylene industry an ideal candidate for jumpstarting regional-scale CO2 capture. In addition, co-
located ethylene oxide production produces a nearly pure stream of CO2 that can be compressed for $6-12/tCO21, 
providing an additional source of low-cost CO2.  
 
 
Figure 2: Distribution of ethylene manufacturing by continent (left, 141 Mt/yr) and top ten producing countries 
(right, 91 Mt/yr).20 
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Figure 3: Ethylene and ethylene oxide production, major non-ethylene sources of CO2, CO2 pipeline transportation 
network, and oil & gas fields in the western U.S. Gulf Coast region and surrounding areas. 
 
3. CO2-Enhanced Oil Recovery 
CO2-enhanced oil recovery (CO2-EOR) extracts oil from depleted reservoirs by injecting large volumes of 
supercritical CO2. This tertiary production technique typically produces an additional 4-15% of the original oil in 
place (OOIP) on top of primary and secondary efforts that typically produce about 30 to 35% of OOIP.27 Next 
generation CO2-EOR technologies are expected to recover 22% or more of the OOIP, allowing as much as 60% of 
the entire OOIP to be replaced through primary, secondary, and tertiary production.27 At present, about 4 % of U.S. 
oil is produced through CO2-EOR.27 CO2-EOR reduces the lifecycle (i.e., wells to wheels) emissions of conventional 
oil production by 25-60%,28 assuming that the CO2 would have ordinarily been vented to the atmosphere. Using 
natural gas combined cycle technology as an analog, ethylene-driven CO2-EOR would reduce oil lifecycle emissions 
by roughly one third.28 Moreover, EOR increases domestic oil production, enhances domestic energy security, and 
increases skilled employment.27  
As of 2012 there were 120 active CO2-EOR projects in the United States, producing more than 352,000 bbl/d of 
oil29 and purchasing 3.09 billion cubic feet of CO2 a day (~60 MtCO2/yr). 30 CO2-EOR accounts for 46% of the oil 
produced by EOR processes; steam and natural gas injection account for the remaining 54%.29 About three quarters 
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of the CO2 used for CO2-EOR is produced from natural underground deposits (e.g., CO2 trapped under salt domes) 
and one quarter is provided by industrial sources.30 The majority of the CO2 acquired from industrial sources comes 
from natural gas processing facilities, where CO2 must be stripped from produced natural gas to meet pipeline and 
customer specifications. For clarity, we propose that these CO2 sources be referred to as “extracted CO2” and 
“byproduct CO2” respectively.31 The singular objective of extracted operations is to extract naturally occurring CO2 
that would otherwise have remained isolated from the atmosphere. In contrast, byproduct CO2 is a waste stream or 
surplus product of an industrial process (e.g., separation of CO2 from natural gas, combustion of coal in power 
plants) whereby the CO2 is typically vented to the atmosphere. Because CO2-EOR utilizes the CO2 for a techno-
economic benefit (i.e., producing more oil and gas), CO2-EOR using byproduct CO2 is referred to as a CO2 capture, 
utilization, and sequestration (CCUS) system. 
Purchase prices for EOR-ready CO2 (i.e., including CO2 capture, purification, compression, and 
delivery/transportation costs) are $28 to $52/tCO2 for oil prices of $60 to $110/bbl.32 One common CO2 price 
relationship suggests EOR operators are prepared to pay 2.5% (in $/Mcf) of the Western Texas Intermediate (WTI) 
oil price ($/bbl);33 at an oil price of $100/bbl this is equivalent to $47/tCO2. At this price, CO2-EOR offers a 
substantial incentive for high-purity CO2 sources to capture their emissions (e.g., ethylene oxide, ammonia, and 
biorefineries with capture and compression costs of less than $20/tCO2) as well as significantly offsetting costs for 
more expensive capture technologies (e.g., fossil fuel power plants and oil refineries). And because EOR operators 
often sign 20 year CO2 supply contracts,33 CO2-EOR has the potential to reduce CO2 emissions over the medium to 
long term.  
Oil produced through CO2-EOR is already a promising option for reducing the carbon footprint of transportation 
fuels. For example, the one-third reduction in CO2 lifecycle emissions through CO2-EOR28 is likely superior 
compared to compressed natural gas (CNG) vehicles (6-11% reduction34) and first-generation biofuels (nearly a 
doubling due to land use changes35). Plug-in hybrid electric vehicles (PHEVs), using a typical electricity balance in 
the United States, reduce CO2 emissions by 32% compared with gasoline vehicles.36 However, PHEVs offer only a 
negligible CO2 reduction compared with conventional hybrid electricity vehicles (HEVs).36 Thus, CO2-EOR 
gasoline used in conventional HEVs achieves significantly reduced CO2 emission compared with PHEVs. 
Furthermore, we hypothesize that in a carbon-constrained world with abundant and cheap CO2, CO2 could be used 
in greater quantities throughout the oil production system. For example, typical CO2-EOR uses equal quantities of 
CO2 and water37 whereas a pure CO2-EOR flood has the potential to cost-effectively sequester even larger quantities 
of CO2. 38 Using CO2 through the oil production process, as well as expanding CO2-EOR beyond 4 % of U.S. 
production, could enable CO2-EOR to store several times the current 60 MtCO2/yr while further reducing CO2 
lifecycle emissions from conventional gasoline vehicles. 
4. Regional Scale CO2 Transportation 
The lack of CO2 transportation options, particularly for byproduct CO2, is a barrier to CCUS deployment. CO2-
emitting Industries are unlikely to install expensive capture equipment without reliable incentives and demand for 
the CO2. Similarly, EOR operators will not commit to large-scale CO2-EOR projects without a reliable supply of 
CO2; reliable extracted CO2 pipeline networks, unlike byproduct CO2, already exist. Thus, matching regular and 
reliable demand and supply of byproduct CO2 will likely require developing a large and integrated CO2 pipeline 
system connecting a diverse range of spatially dispersed CO2 sources.  
A large and integrated pipeline system is necessary to minimize transportation costs, including construction and 
operation costs.39 Economies of scale and utilization are particularly significant for pipelines. For example, 
transportation costs using a four inch pipeline, between a single source and sink, could be 70 times higher than 
through an integrated network consisting of 36 inch pipelines.40 For ethylene, a representative capture cost of 
$40/tCO2 and CO2 purchase price of $45/tCO2 would require CO2 transportation costs to be minimized below 
$5/tCO2. Industry has already planned or established several examples of basic CO2 networks,41-43 while multiple 
efforts have developed detailed models to optimize CO2 pipeline transportation within an integrated CCUS 
system.44-49 Previous research has even developed a preliminary pipeline network designs that link CO2 from 
ethylene manufacturers with EOR reservoirs, with estimated transport costs of $5-6/tCO2.50 Such a pipeline system 
could be constructed with a combination of public (federal and/or state government) and private investment.51 
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Obtaining right of ways (ROWs) and assuring operational safety are often considered to be barriers to constructing 
extensive pipeline systems. Here, policy and regulatory agencies could accelerate permitting processes, as has been 
done for renewable energy generation projects.52 
5. Ethylene:CO2-EOR 
The availability of CO2 from ethylene production and a potentially robust market for on- and offshore CO2-EOR 
makes the U.S. Gulf Coast and neighboring regions (Texas, Louisiana, Mississippi, New Mexico, Oklahoma, and 
Kansas) a tremendous opportunity for a commercially viable, large-scale integrated CCUS system. The region 
already has a strong history of CO2 capture (oil fields in Texas already use some byproduct CO2), transport, and CO2 
storage through EOR. For example, pipeline transportation of CO2 is already common in the region (Figure 3)—
existing pipelines carry large volumes of CO2 approximately 1000 km from Utah and Colorado to oil fields in west 
Texas. The ethylene industry is also spatially clustered, which reduces pipeline transport costs. And in addition, the 
majority of ethylene sources are large (20 out of 25 in the region emit ≥1 MtCO2/yr) which reduces capture and 
transportation costs through economics of scale.  
The region is also comfortable with large-scale oil and gas operations including extensive use of CO2. Although 
examples where byproduct CO2 from the chemical industry is used for EOR already exist in the region, ethylene-
sourced CO2 is presently neither being captured nor used for CO2-EOR. The challenge is to develop a large, 
commercially viable, and fully integrated system in order to build public awareness and acceptance and to achieve 
significant technological advances from learning-by-doing. This could also be used to overcome industry inertia and 
nervousness to integrating CO2 capture into their business models. Moreover, multiple CO2 and oil projects in the 
region have already demonstrated an ability to readily handle complex siting, liability (particularly important for 
CO2 storage), investment, and permitting issues. This specifically includes a long history of ROW development and 
pipeline safety along with public acceptance.  
The Gulf Coast region is also the location of a wide range of other byproduct CO2 sources including coal and gas 
power plants and oil refineries (Figure 3). Capturing CO2 from oil refining, like high-value chemicals, adds only a 
few percent to the final price, though the standalone capture cost ($/tCO2) from oil refining might be cost 
prohibitive. As new technologies lower capture costs, capturing byproduct CO2 from these other sources will likely 
become cost-effective. The CCUS pipeline network jumpstarted by ethylene manufacturing could be designed to 
dynamically evolve over time to incorporate these non-ethylene sources. Our previous research has shown that it is 
economically favorable to overbuild pipeline capacities and underutilize transportation for a decade or more to 
enable future CO2 streams to seamlessly integrate into the CCUS network.53 
6. Making CCUS A Reality in North America and Beyond 
A large and integrated CCUS system, connecting byproduct CO2 captured from Gulf Coast ethylene sources with 
CO2-EOR reservoirs, is a potential pathway for a high-visibility demonstration of technically, economically, and 
politically viable CCUS. But ethylene:CO2-EOR may have an “investment gap”: the difference between the 
economic costs and benefits of using CO2. For instance, a CO2 capture-transport cost of $40-60/tCO2 and CO2-EOR 
purchase price $28-52/tCO2 creates an investment gap in the region of-$12/tCO2 (i.e. profitable) to +$32/tCO2. A 
positive investment gap would require a suitable financial incentive (or disincentive) on CO2 emissions for an 
ethylene:CO2-EOR industry to develop. At the high end of costs, the ethylene:CO2-EOR investment gap is only a 
few percent of the final price. Even with a zero or negative investment gap, industry would still need encouragement 
to make the shift since capturing CO2 entails long-term risk, including fluctuating oil prices (hence the requirement 
for decades long CO2 contracts) and other unanticipated costs. Compared with other projects, though, the 
ethylene:CO2-EOR investment gap is small, perhaps even negative. For example, flagship projects such as the 
FutureGen 2.054 are necessarily expensive (designed to capture-transport-store 1.3 MtCO2/yr at roughly $100/tCO2) 
as they attempt to drive down CO2 capture costs. An ethylene:CO2-EOR project, designed to leverage existing 
technologies in order to bridge the investment gap in the near term, could be valuable companion to next generation 
projects.  
The U.S. Gulf Coast region is an ideal location to deploy a large integrated CCUS system. The region has 
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abundant, low-cost CO2 sources through ethylene production and a robust, long-term market for CO2-EOR. In 
addition, the region has a positive environment for energy production and exploration, including regulatory and 
permitting processes for oil and gas activities (including CO2-EOR) and pipeline ROWs. An integrated 
ethylene:CO2-EOR network has the potential to reduce CO2 emissions by as much as 50 MtCO2/yr (equivalent to 
taking 10 million cars off the roads55), while producing 200 million bbl/yr of low-carbon oil (assuming incremental 
oil production of four barrels per tonne of captured CO256). Moreover, an ethylene:CO2-EOR network would provide 
a highly visible and economically viable demonstration of CCUS in action, bolstering public awareness and 
acceptance of CCUS as a climate mitigation strategy, as well as technological lessons through learning-by-doing. At 
50 MtCO2/yr, the network would be capturing, transporting, and storing more than double the entire world's existing 
byproduct CO2 from large integrated CCUS projects combined (Figure 1).13  
An integrated ethylene:CO2-EOR network would leverage favorable cost, engineering, and location factors in 
order to jumpstart commercial-scale CCUS. These factors include the large volume of CO2 emissions coupled with 
low capture cost, ethylene prices being able to absorb the capture cost, spatial clustering of the ethylene industry, 
high number of large CO2 sources, proximity of a strong CO2 demand, and a favorable business and regulatory 
environment. Although ethylene has the most favorable combination of important CCUS-related factors, other high-
value products also have potentially favorable characteristics. The iron/steel industry, for example, has substantial 
total CO2 emissions, large individual CO2 sources, a relatively small price increase due to capture, and the industry 
tends to be concentrated in the U.S. Midwest. Ethanol production also offers large CO2 emissions and low capture 
costs, but the CO2 emissions sources tend to be smaller and much more dispersed. The oil refining industry could 
also offer a significant opportunity for jumpstarting CCUS. Although the CO2 capture cost at oil refineries could be 
much larger ($19-96/tCO2) than the CO2 purchase price for EOR, domestic oil refineries emit large quantities of 
CO2, are largely clustered in several regions, and the industry already understands CO2 removal through the oil-
sweetening process. Further, oil refineries and depleted oil fields are already connected through existing pipelines 
and ROWs; previous studies have used this fact to generate hypothetical CCUS networks.57  
An ethylene:CO2-EOR project would serve as a point of departure for other major projects within North America. 
For example, reducing the carbon footprint of Alberta oil sands production, which has an upstream (i.e., wells-to-
tank) carbon intensity 70-110% higher than typical U.S. transportation fuels,58 could be achieved through CO2 
capture and storage in nearby EOR fields.59 Shale gas, which has led to a low-cost lower-carbon energy boom in the 
U.S., could also provide a large potential for CO2 injection/fracturing60 and storage61 from commercial-scale CO2 
emission sources. Beyond North America, China offers significant potential for developing a large-scale byproduct 
CO2-EOR system. For example, not only is China’s ethylene production projected to approximately double to 25.5 
Mt/yr by 2015,62 as much as 20% of this production could come from coal-to-chemicals conversion.63 In addition, 
China is also developing coal-to-liquids production to bolster domestic oil production. Coal conversion through 
gasification produces a highly concentrated stream of CO2,64 incurring only CO2 compression costs and no 
separation costs.. Thus, low-cost capture coupled with CO2-EOR would allow a China ethylene:CO2-EOR system to 
comfortably bridge the investment gap and jumpstart commercial-scale CCUS without any further incentives. 
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